Osteocalcin was recently identified as an osteoblast-secreted hormone regulating insulin secretion and sensitivity. In mice and humans, osteocalcin can be present in the serum in carboxylated or undercarboxylated forms and it has been shown that it is the undercarboxylated form of osteocalcin which acts as a hormone. The study of osteocalcin different circulating forms in mouse serum, however, has been hampered by the absence of quantitative methodology. Here we described a triple enzyme-linked immunosorbent assay (ELISA) system for quantification of mouse total, carboxylated and uncarboxylated osteocalcin. That carboxylation of osteocalcin was decreased in mouse osteoblasts cultures treated with warfarin, an inhibitor of carboxylation validated this assay. This ELISA could also detect elevated levels of undercarboxylated osteocalcin in the serum of mice treated with warfarin and in the serum of Esp−/− mice, a mouse model known to have more undercarboxylated i.e. active osteocalcin. These results show that this new ELISA system is a reliable method to assess of carboxylation status of osteocalcin in cell culture supernatants as well as in mouse serum. Its use should facilitate the analysis of culture system or mouse model in which the hormonal activity of osteocalcin needs to be evaluated.
INTRODUCTION
In mammals, glucose homeostasis depends on the correct integration of multiple signals emanating from endocrine organs such as pancreatic islets, liver, fat, muscle and brain. Recently, we demonstrated that bone also exerts an endocrine regulation of energy metabolism [1] [2] [3] . Indeed, the osteoblast, the cell responsible for bone formation, secretes a hormone, osteocalcin, which stimulates insulin secretion by pancreatic β-cells and favours insulin sensitivity in muscle, liver and fat [4] [5] [6] . Supporting this model, mice lacking osteocalcin have a decrease in insulin secretion and sensitivity; causing glucose intolerance. In contrast, Esp-deficient mice, which are a model of osteocalcin gain of activity, have improved insulin secretion and sensitivity [4;7] .
Osteocalcin is a small 46 amino acids-long protein containing three glutamic acids (GLU13, GLU17 and GLU20) in mice that are γ-carboxylated during it synthesis in the osteoblast [8] . However, osteocalcin exists in serum as fully carboxylated or partially carboxylated forms and completely uncarboxylated [9] [10] [11] [12] [13] . Cell-based assays and in vivo infusions have shown that recombinant uncarboxylated osteocalcin promotes insulin secretion, insulin gene expression and insulin sensitivity in cells and mice [4;7] . Remarkably, Esp−/− mice present an increase in undercarboxylated osteocalcin, further supporting that this is the metabolically active form of this hormone. More recently, we have shown that the low pH generated during bone resorption can preferably decarboxylate osteocalcin on glutamic acid 13 and therefore that osteoclasts determine the carboxylation status and function of osteocalcin in vivo [14] .
In mice and human carboxylation levels of osteocalcin in serum and in bone samples have been previously assessed indirectly by hydroxyapatite (HA) pull down followed by measurement of the unbound fraction of osteocalcin using commercially available ELISA or RIA [15] [16] [17] . This assay is based on the fact that undercarboxylated osteocalcin has a lower binding affinity for HA compared to carboxylated osteocalcin [15;16] . Such HA-based measurement of undercarboxylated osteocalcin are, however, a semi-quantitative method that does not precisely quantify the serum concentration of undercarboxylated or carboxylated osteocalcin. Hence, there is a need for a method for the direct quantitative measurement of the different forms of osteocalcin in mouse serum samples. Here, we described the development of a triple enzyme-linked immunosorbend assay (ELISA) system for the precise quantification of mouse carboxylated, uncarboxylated and total osteocalcin. We also report that this assay could successfully measure the carboxylation status of osteocalcin in osteoblasts culture mediums as well as in mice serums corresponding to wellknow models where osteocalcin carboxylation is altered.
MATERIALS AND METHODS

Plasmid constructs
The GST-OCN11-26 and the GST-OCN25-46 constructs were generated by cloning double strand oligonucleotides encoding mouse OCN11-26 (PLEPTREQCELNPAC) and OCN25-46 (CDELSDQYGLKTAYKRIYGITI) into the BamHI and EcoRI sites of pGEX 4T3. The GST-OCN expression vector has been described previously [7] .
Antibodies production and purification
For the generation of anti-uncarboxylated osteocalcin, anti-carboxylated osteocalcin and anti-C-terminal osteocalcin antibodies, 5 mg of full-length recombinant uncarboxylated osteocalcin was purified as described [7] or 5 mg of full-length carboxylated osteocalcin was chemically synthesized (Biosynthesis, TX). Half of each preparation was conjugated to KLH by the glutaraldehyde conjugation method and a 1:1 mixture of native and conjugated protein was used for the immunization of 2 goats (Genscript, NJ). For the primary immunization, 0.5 mg of mixture per goat were injected subcutaneously in combination with complete Freund's adjuvant. Animals were then given boosts of 0.5 mg with incomplete Freund's adjuvant every 3 weeks for a total of 3 boosts. Final bleeds resulted in 500 ml of anti-serum per goat.
One to 10 mg of peptides or recombinant proteins (GST-OCN11-26, GST-OCN25-46, GLA13-OCN11-26 and GLA-OCN) were coupled to HiTrap NHS-activated columns (GE Healthcare) according to the manufacturer instruction. For affinity purifications (see Figure  1 for the complete strategy of purification of all antibodies), 25 ml of goat antiserum was heat inactivated at 56°C for 30 minutes, filtered through a 0.45 μm filter and diluted 5 times in start buffer (75 mM Tris-HCl, pH 8.0). The diluted anti-serum was then applied onto the affinity column using a peristaltic pump at a flow rate of 0.5 ml/min. The column was next washed with 10 column volumes of start buffer. Purified antibodies were eluted with 3 column volumes of elution buffer (100 mM glycine-HCl, 0.5 M NaCl pH 2.7). Eluted antibodies were immediately neutralized with 1/10 volume of 1 M Tris-HCl pH 8, glycerol was added (50% final) and aliquots were stored at −80°C. To deplete antibodies, purified antibodies were dialyzed in PBS 1X, circulated on the column and the unbound flow through fraction was stored at −80°C.
Dot blot
Synthetic uncarboxylated and carboxylated osteocalcin were diluted in PBS 1X containing 0.01% BSA and spotted on nitrocellulose membranes. Membranes were allowed to dry and subjected to western blotting according to standard procedures.
HRP conjugation to the CT-OCN antibodies
One mg of affinity purified anti-CT-OCN antibodies was conjugated to horseradish peroxidase (HRP) using EZ-Link ® Plus Activated Peroxidase reagent (Pierce) according to the manufacturer instruction. A Conjugate Purification Kit (Pierce) was then used to remove free HRP and further purify the conjugated IgG. The HRP conjugate was then transferred to 1X PBS using a desalting column, and 1 volume of Peroxidase Conjugate Stabilizer (Pierce) was added before storage in aliquots at −20°C.
GLU, GLA13 and total mouse osteocalcin ELISA
Antibody Coating Buffer (CB1), ELISA Wash Buffer (WB1), General Blocker Buffer (BB1), General Assay Diluent (AD1) and Stop Solution for TMB (STOP1) were all obtained from ImmunoChemistry Technologies. 1-Step™ Ultra TMB ELISA substrate was purchased from Pierce. ELISA plates (R&D system) were coated overnight at room temperature with 100 μl of a 12 μg/ml solution of affinity purified anti-GLU-OCN, anti-GLA13-OCN or anti-MID-OCN diluted in 1X antibody coating buffer. Following 2 washes with 1X wash buffer, the plate was blocked with 300 μl of 1X General Blocker Buffer for 3-6h at room temperature. Blocking solution was removed, the plate firmly tapped on absorbent paper to remove excess liquid and used immediately. Ninety five μl of General assay diluent was added to each well, followed by 5 μl of blank, standards (purified GLU-OCN or synthetic GLA-OCN) or serum samples. Plate was then sealed and incubated overnight at 4°C. Following 5 washes with 1X washing buffer, 100 μl of HRP-conjugated anti-CT-OCN (1 μg/ml in 1X General assay diluent) was added to each well and the plate incubated for 1h at room temperature on a shaker (~200-300 rpm). The plate was washed again 5 times and after complete removal of excess solution by taping on absorbent paper, 100 μl of TMB substrate was added to each well. After 15 minutes incubation at room temperature, 100 μl of stop solution was added and the absorbance at 450 nm was read using a plate reader (Biorad). Concentrations of GLU-OCN, GLA13-OCN and total OCN in the samples were calculated from polynomial second order or exponential standard curve obtained from the standard included in each assay.
Primary osteoblasts cultures
Mouse osteoblasts were isolated from calvaria as described [18] . Cells were cultured in α-MEM supplemented with 10% Fetal Bovine Serum (FBS) for 4 days, after what osteoblast differentiation was induced by changing the medium to α-MEM/10% FBS supplemented with 5 mM β-glycerophosphate and 100 μg/ml L-ascorbic acid. Ten days later, cells were washed twice with PBS 1X before being incubated in the same medium in the presence or
Warfarin treatment
Eight week-old C57BL/6 male mice were injected subcutaneously once a day with saline or with warfarin (1mg/kg). Following a 2 weeks treatment, serum was collected by tail vein bleeding and osteocalcin levels measured by ELISA.
Statistics
Data are presented as means ± SE. Statistical significance was analyzed by two-tailed Student's t test. The value of P < 0.05 was considered as significant.
RESULTS
Generation and purification of specific osteocalcin antibodies
To generate antibodies recognizing specifically carboxylated, uncarboxylated and total osteocalcin, goats were immunized with full-length bacterially produced recombinant uncarboxylated mouse osteocalcin or synthetic fully carboxylated mouse osteocalcin ( Fig. 1 and Materials and Methods). Polyclonal antibodies recognizing either the C-terminal portion of osteocalcin (CT), the middle part of the protein (MID), the carboxylated glythamic acid 13 (GLA13) or the central uncarboxylated region (GLU) of the protein were then affinity purified. To obtain highly specific antibodies recognizing only GLU-OCN or GLA13-OCN we developed a double purification method (Fig. 1 ). Antibodies were first enriched against the desired epitope, then were next applied on a second column to deplete the antibodies recognizing non-specifically GLA-or GLU-OCN, leaving only antibodies recognizing specifically GLA13-OCN or GLU-OCN. Non-specific antibodies were pooled to obtain the anti-MID-OCN antibodies.
The respective specificity of these antibodies was tested in dot blot through serial dilution of carboxylated osteocalcin (GLA-OCN) or uncarboxylated osteocalcin (GLU-OCN). As shown in Fig. 2A , the anti-GLU-OCN specifically recognizes GLU-OCN protein with little cross-reactivity toward GLA-OCN protein. Conversely, the anti-GLA13-OCN recognized very specifically GLA-OCN ( Fig. 2A) . As expected both the anti-CT-OCN directed against the C-terminal region of osteocalcin and the non-specific anti-MID-OCN recognized with equal affinity the GLU-and GLA-OCN proteins ( Fig. 2A) .
Establishment of quantitative ELISAs for GLU-OCN, GLA13-OCN and total OCN
We next tested if the antibodies specific for the various forms of osteocalcin we generated could be used in combination to establish sandwich ELISAs. To generate GLU-OCN, GLA13-OCN and total osteocalcin ELISAs, we respectively coated 96-wells plates with anti-GLU-OCN, anti-GLA13-OCN or anti-MID-OCN antibodies and detected concentrations of captured osteocalcin using the anti-CT-OCN antibodies coupled to horseradish peroxidase (HRP) (see Materials and Methods). As shown in Fig. 2B , the GLU-OCN ELISA could detect concentration of GLU-OCN ranging from 1.5 to 100 ng/ml, without any cross reactivity toward GLA-OCN. Conversely, the GLA13-OCN ELISA could detect GLA-OCN concentrations ranging from 6.25 to 400 ng/ml, with little cross detection of GLU-OCN (Fig. 2C) . Finally, the total osteocalcin ELISA could allow linear quantification of osteocalcin concentrations between 6.25 ng/ml to 800 ng/ml (Fig. 2D) . Importantly, this latter assay could detect equally GLU-OCN and GLA-OCN.
Quantification of carboxylated osteocalcin in culture medium
γ-carboxylation of osteocalcin occurs inside the endoplasmic reticulum of the osteoblast i.e. before osteocalcin is secreted [8] . Since the γ-glutamyl carboxylase requires reduced vitamin K as a co-factor [19] it can be inhibited in vivo or in vitro by warfarin, a drug that blocks the vitamin K epoxide reductase enzyme (Vkorc1) [20;21] . Thus, to test our ELISA method we first quantified the levels of carboxylated, uncarboxylated and total osteocalcin in the supernatant obtained from primary differentiated osteoblast cultures treated or not with warfarin (5 μM) for 48h. As expected, levels of uncarboxylated osteocalcin (GLU-OCN) were significantly higher in the supernatant of osteoblasts treated with warfarin compared to vehicle-treated cells (Fig. 3A) . In contrast, levels of carboxylated osteocalcin, as measured with the GLA13-OCN ELISA, were decreased from 167 ng/ml to undetectable levels by the warfarin treatment (Fig. 3A) . As previously reported, total osteocalcin secreted by osteoblasts was decreased by about 40 percent following the same treatment [22] . When expressed as a percentage of total osteocalcin, we calculated that 63 percent of osteocalcin was carboxylated on GLA13 in control osteoblasts supernatant, while this level was decreased to 0 percent in the supernatant from warfarin-treated cells (Fig. 3B) . The same warfarin treatment increased the level of uncarboxylated osteocalcin from 4 to 16 percent. Based on the measurement from the GLA13-OCN and total OCN ELISAs, we also estimated that decarboxylation of osteocalcin on glutamic acid 13 (GLU13-OCN) increased from ~30% in vehicle-treated cells to more than 80% in warfarin-treated cells (Fig. 3B) . This indicates that, as expected, the drug is efficiently blocking γ-carboxylation of osteocalcin on it 3 glutamic acid residues, but that carboxylation on GLA13 is more sensitive than the other GLA residues to the warfarin treatment. Together, these results indicate that the triple ELISA system we developed can define osteocalcin carboxylation status in osteoblast cultures.
Quantification of osteocalcin carboxylation in mouse serum
Next, we asked whether our triple ELISA could be used to assess osteocalcin carboxylation in vivo in mice. To address the specificity of the three assays, we compared the concentration of osteocalcin detected in wild type mice sera and in sera obtained from Osteocalcin-deficient mice (Ocn −/−) [23] . As shown in Fig. 4A we could detect and measure the concentration of GLU-OCN, GLA13-OCN and total OCN in wild type serum, but all three forms were undetectable in Ocn −/− serum. This result excluded any cross reactivity of the assays with other serum proteins and thus confirmed the high level of specificity of our ELISA system.
We then injected wild type mice with either warfarin (1 mg/kg/day), which decreases osteocalcin carboxylation [24] [25] [26] or a saline solution for 2 weeks and measured osteocalcin carboxylation in their sera. As expected, warfarin treatment resulted in a 9-fold increase in uncarboxylated osteocalcin (GLU-OCN) while carboxylated osteocalcin (GLA13-OCN) was decreased 2-fold (Fig. 4B ). When these values were expressed as percentage of total osteocalcin, we observed that, as in the osteoblast culture experiment, warfarin treatment results in an increase in both uncarboxylated osteocalcin (GLU-OCN) and in osteocalcin decarboxylated on GLU13 (GLU13-OCN), while the proportion of osteocalcin carboxylated on GLA13 was decreased (Fig. 4C) .
We have previously demonstrated that the metabolic phenotype of the Esp −/− mice is caused by an increase in the bioactive, i.e. undercarboxylated fraction of osteocalcin present in their serum [4;5] . We thus used these mice to validate our assay. In agreement with our previous studies, our ELISA system could detect a significant decreased in the fraction of GLA13 osteocalcin in Esp −/− serum and an increase in the GLU13 fraction, while the fraction of uncarboxylated osteocalcin (GLU-OCN) was not changed in these mice (Fig. 4D ). Thus, in contrast to the warfarin-treated mice in which carboxylation of all residues was affected, it is only GLA13 carboxylation that is specifically decreased in Esp −/− mice.
DISCUSSION
Since our initial identification of osteocalcin as a bone-derived hormone regulating energy metabolism [4;7] , a growing number of studies have confirmed and expanded our finding in mice and humans [5;6;14;27-35] . Although these studies have presented compelling evidence that undercarboxylated osteocalcin is the physiologically active form of this hormone, measuring its levels in mice has been hampered by the absence of a convenient and a reliable method. The new triple ELISA method described here provides such assay for both serum and culture medium.
Until now, researchers have relied on an hydroxyapatite pull-down assay to estimate the percentage of undercarboxylated osteocalcin present in serum [15] [16] [17] . When compared to this assay, the triple ELISA method presents several advantages. First, this method allows the quantification of the exact serum concentration of GLU-, GLA13-and total osteocalcin. Second, this assay can distinguish between completely decarboxylated osteocalcin (GLU-OCN) and the osteocalcin decarboxylated on GLU13, a residue that appears to be critical to osteocalcin activation in vivo [14] . Third, the ELISA approach allows simultaneous processing of a large number of samples.
Using this assay, we have shown that carboxylation of osteocalcin is dramatically decreased by warfarin both in vitro and in vivo. Interestingly, we found that although all residues could be affected carboxylation of the glutamic acid 13 is more sensitive to warfarin than carboxylation of the two other residues. This result is in line with a study in human which showed by direct sequencing that the first glutamic acid of human osteocalcin is the most often decarboxylated [11] .
We have recently demonstrated that during bone resorption, a process occurring at a low pH, osteocalcin bound to the bone extracellular matrix is decarboxylated on glutamic acid 13 and thereby activated [14] . Accordingly, the Esp−/− mice present an increase in both bone resorption and osteocalcin activity. In agreement with these observations, our new method could show that in Esp−/− mice the fraction of osteocalcin decarboxylated on GLU13 is significantly increased. This result provides support to the conclusion that undercarboxylated or GLU13 osteocalcin is the physiologically active form of this hormone.
In conclusion, this new triple ELISA method is a convenient and reliable tool to address the carboxylation status of osteocalcin in mouse, and its use should facilitate the analysis of this process in culture assays as well as in genetically engineered mouse models. As such it should contribute to expand our understanding of the regulation of osteocalcin bioactivity and function.
FIGURE 1. Production and purification of anti-OCN goat antibodies
Schematic representation of the methodology used to obtain the GLU-OCN, the GLA13-OCN, the MID-OCN and the CT-OCN goat polyclonal antibodies. See also the Materials and Methods section. , the GLA13-OCN (C) and the total OCN ELISAs was evaluated by applying the indicated amounts (ng/ml) of GLA-OCN or GLU-OCN and plotting the OD results on a semilogarithmic scale.
